clinical benefits were achieved without an excess in adverse safety events. However, there are concerns that lowering cholesterol to very low levels may be disadvantageous because cholesterol has a central role in hepatic bile production, is a main component of cell membranes and intracellular structures, and serves as a precursor in the biosynthesis of some vitamins, steroids, and sex hormones. Early epidemiologic studies showed an association between low cholesterol level and increased risk for cancer, intracranial hemorrhage, and death. [2] [3] [4] Furthermore, studies in canine models raised concerns that supratherapeutic doses of statins may cause brain and optic pathology.
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Our goal was to assess the safety and clinical efficacy of a very low (<30 mg/dL) achieved LDL-C level at 1 month using data from IMPROVE-IT.
Methods

IMPROVE-IT
1,6 was a randomized, double-blind, placebocontrolled trial that enrolled 18 144 patients hospitalized within the preceding 10 days with ACS with a LDL-C level of 50 to 100 mg/dL (if taking a prior prescription lipid-lowering therapy) or 50 to 125 mg/dL (otherwise). Patients were randomized to receive either ezetimibe, 10 mg, plus simvastatin, 40 mg, or matching placebo plus simvastatin, 40 mg, once daily, and they were followed up for a median of 6 years (interquartile range, 4.3-7.1 years). Key exclusion criteria were creatinine clearance less than 30 mL/min/1.73 m 2 (to convert to milliliters per second per square meter, multiply by 0.0167), active liver disease, clinical instability, or treatment with a lipid-lowering regimen more potent than simvastatin, 40 mg. All patients provided written informed consent and the protocol was approved by ethics committees at each participating center. The study was approved by the Brigham and Women's Hospital institutional review board. Data analyses for this current study were conducted from December 2014 to February 2017. Prespecified safety end points included abnormal elevations of liver enzyme and creatine kinase levels, myopathy, rhabdomyolysis, adverse hepatobiliary events, and cancer. Additional prespecified safety end points included adverse events leading to study drug discontinuation, heart failure leading to hospitalization, and noncardiovascular death. A post hoc analysis explored the relationship between cataract-related adverse events and achieved LDL-C level in light of the recent report of an association between an LDL-C level less than 25 mg/dL and increased incidence of cataracts.
7 Investigators reported other adverse events as verbatim terms that were then mapped to the Medical Dictionary for Regulatory Activities preferred terms 8 with overreading by trained coders. Neurocognitive events were identified by 2 of the authors (R.P.G. and M.A.B.) blinded to treatment assignment and all LDL-C measurements prior to performing the current analysis, and included the following event terms: altered state of consciousness, amnesia, aphasia (not related to a stroke or transient ischemic attack), aphonia, cognitive disorder, dementia, altered or depressed consciousness, encephalopathy, lethargy, or impairment of memory. The primary efficacy end point was a composite of cardiovascular death, myocardial infarction, unstable angina requiring hospitalization, coronary revascularization after 30 days, and stroke (both hemorrhagic and ischemic). Efficacy end points (except revascularization), muscle-related events, and cancer were adjudicated by independent committees who were unaware of treatment assignment using prespecified definitions.
1 Follow-up visits occurred at 30 days, 4 months, and every 4 months thereafter. Blood specimens were drawn at the visits through 12 months and annually thereafter for patients who continued treatment with the study drug, and were sent to a central core laboratory for analysis. Patients who prematurely stopped taking the study drug had a final blood draw at the time of discontinuation and thereafter were followed up for clinical events. The LDL-C values were calculated using the Friedewald et al 9 equation; however, if the triglyceride levels exceeded 400 mg/dL (to convert to millimoles per liter, multiply by 0.0113), LDL-C and high-density lipoprotein cholesterol levels were measured directly using beta-quantification. If the LDL-C level was greater than 79 mg/dL on 2 consecutive visits, the dose of simvastatin was increased to 80 mg in a double-blind fashion. Uptitration to 80 mg was stopped in June 2011, consistent with the revised US labeling regarding the use of simvastatin, 80 mg, as per the US Food and Drug Administration. There was no change in study drug administration for low LDL-C levels.
Statistical Analyses
Patients who had LDL-C assessed at 1 month and who did not experience a primary efficacy or prespecified safety event prior to the 1-month visit were included in this analysis (n = 15 281).
Patients were divided into 4 prespecified subgroups (<30 mg/dL, 30-49 mg/dL, 50-69 mg/dL, and ≥70 mg/dL) at 1 month, regardless of treatment assignment. Independent predictors of achieving a low LDL-C level were identified by multivariable logistic regression of baseline variables. These independent predictors served as covariates to generate multivariate adjusted hazard ratios (HRs) (using Cox proportional hazard models) or odds ratios (using logistic regression models) for the outcome of interest as described in the prespecified study statistical analysis plan. Adjusted trend P values were calculated using Cox proportional hazard regression by testing the coefficient of the LDL groups or the Cochran-Armitage trend test of proportions among LDL groups, as appropriate. Kaplan-Meier estimates at 7 years were compared using the log-rank test. A P value less than .05 was considered evidence of a statistically significant effect and no adjustments were made for assessment of multiple end points. Interaction terms between achieved LDL-C level at 1 month and randomized treatment were evaluated to assess for effect modification. The baseline LDL-C concentration was considered the value obtained at the time of the presenting ACS event (ie, at or within 24 hours after admission) as measured by the local hospital laboratory. Analyses were performed with SAS version 9.4 (SAS Institute).
Sensitivity Analysis
We performed a sensitivity analysis of the safety end points in patients who had received at least 1 dose of study drug, only counting events that occurred between the first dose through the last dose plus 30 days (excluding events >30 days after the last dose). 10 Safety events in this analysis were compared using the Cochran-Armitage trend test of proportions among LDL-C groups for adverse events leading to study drug discontinuation, elevated liver enzymes, myopathy, and neurocognitive events. Adjusted Cox proportional hazards regression with testing of the coefficient of the LDL-C group was used to calculate the trend P values for end points with adjudicated time to event data (hemorrhagic stroke, hospitalization for heart failure, noncardiovascular death, and cancer).
Results
Of the 18 144 patients who were randomized in IMPROVE-IT, 1255 (6.9%) experienced a primary efficacy (n = 526) and/or prespecified safety event (n = 870) in the first month after randomization (ie, prior to the assessment of the LDL-C level at 1 month) and were excluded from this analysis (eTable 1 in the Supplement). A total of 1608 patients (8.9%) did not provide a lipid specimen at the 1-month visit. Thus, 15 281 patients (84.2% of the patients randomized) were included in the current analysis. The patients were followed up for a median of 6 years (range, 3.9-8.6 years). The distribution of LDL-C levels at 1 month is shown in Figure 1 ; the median LDL-C level was 56 mg/dL (interquartile range, 43-70 mg/dL). There were 971 patients (6.4%) who achieved an LDL-C level less than 30 mg/dL at 1 month. Among these 971 patients, the median LDL-C level at 1 month was 25 mg/dL (interquartile range, 21-27 mg/dL), and their time-weighted average LDL-C level after randomization was 34 mg/dL (interquartile range, 27-44 mg/dL) over a median of 6 years' follow-up ( Figure 2) . Similarly, the timeweighted mean LDL-C concentrations for the other 3 groups were 48 mg/dL, 63 mg/dL, and 80 mg/dL for the 4780, 5504, and 4026 patients who had 1-month LDL-C levels of 30 to 49 mg/dL, 50 to 69 mg/dL, and 70 mg/dL or greater, respectively. The time-weighted mean LDL-C concentrations after randomization were 34.4, 48.3, 63.3, and 79 .9 mg/dL for the 4 groups (<30, 30-49, 50-69, and Ն70 mg/dL, respectively) as identified by LDL-C level at 1 month. QE indicates qualifying event (at time of admission); R, randomization. To convert LDL-C to millimoles per liter, multiply by 0.0259.
Across the 4 groups of achieved LDL-C level at 1 month ordered from lowest to highest, the proportion of patients randomized to ezetimibe/simvastatin were 85%, 72%, 44%, and 22%, respectively. Continuation of study drug during follow-up was significantly lower in the group achieving an LDL-C level of 70 mg/dL or greater at 1 month for each time point, while compliance was similar across the remaining 3 groups (<30 mg/dL, 30-49 mg/dL, and 50-69 mg/dL) who achieved an LDL-C level less than 70 mg/dL (eFigure 1 in the Supplement). Specifically in the group who achieved a 1-month LDL-C level less than 30 mg/dL, 68% were still taking randomized study drug at the time of median follow-up.
Baseline characteristics varied according to the LDL-C level achieved at 1 month ( Table 1) . On univariate analysis, the group who achieved an LDL-C level less than 30 mg/dL were more likely male, nonwhite, had higher body mass index, and more likely to have preexisting diabetes, but less likely to be a smoker or to have had a prior myocardial infarction, percutaneous coronary intervention, or coronary artery bypass graft surgery compared with the other 3 groups. Patients achieving an LDL-C level less than 30 mg/dL were also the least likely to have been treated with statin prior to their qualifying ACS event, and they had the lowest median LDL-C level at baseline of the 4 groups (85 mg/ dL, 93 mg/dL, 96 mg/dL, and 97 mg/dL from the lowest to highest achieved LDL-C at 1 month). Independent predictors of achieving an LDL-C level at 1 month of less than 30 mg/dL, in order of model contribution, included randomization to ezetimibe, lower LDL-C level at baseline, history of diabetes, higher body mass index, and no prior coronary artery bypass graft (see eTable 2 in the Supplement for the complete list). Baseline characteristics by randomized treatment for each of the 4 groups of achieved LDL-C level at 1 month are shown in eTable 3 in the Supplement. There were several significant differences in baseline characteristics when stratified by both achieved LDL-C level and treatment group as would be expected given the nonrandomized nature of the 4 groups identified by achieved LDL-C level 1 month after randomization.
Safety
Adverse events leading to drug discontinuation after 1 month were infrequent (8.9% during the 6-year median follow-up), with no difference across the groups stratified by achieved LDL-C level at 1 month (9.5%, 9.4%, 8.5%, and 8.8% for the 4 groups from lowest to highest LDL-C level, P for trend = .21; Table 2 and Figure 3 ). The rate of new, worsening, or relapsing malignancies reported in patients at lower levels of achieved LDL-C levels was higher in the unadjusted analysis (9.0%, 8.6%, 8.7%, and 7.5%; unadjusted P for trend = .04) for the 4 groups from lowest to highest achieved LDL-C level, but this was no longer statistically significant after accounting for baseline characteristics (adjusted P for trend = .14; Figure 3 ). Older age was the strongest confounding variable, correlating both with the risk for cancer and the likelihood of achieving an LDL-C level less than 30 mg/dL at 1 month.
There were no differences in the other 7 prespecified safety end points (Table 2 and Figure 3 ), including serious muscle events, elevation in aminotransferases levels greater than 3 times the normal level (2.2% for LDL-C level <30 mg/dL and 1.8%-2.1% in the other 3 groups), gall-bladder adverse events (3.6% for LDL-C <30 mg/dL and 3.2%-3.6% in the other 3 groups), or neurocognitive events (2.1% for LDL-C <30 mg/dL and 2.3%-2.9% in the other 3 groups), hemorrhagic stroke (0.3% for LDL-C <30 mg/dL and 0.4%-0.9% in the other groups), heart failure requiring hospitalization (4.6% for LDL-C <30 mg/dL and 3.4%-4.2% in the other 3 groups), or noncardiovascular death (5.8% for LDL-C <30 mg/dL and 4.9%-5.6% in the other 3 groups). With regard to neurocognitive events, there were no differences across the groups in either the rates of shorterterm (eg, transient global amnesia) or longer-lasting (eg, dementia) events (Table 2 ). In addition, there were no differences in the adjusted risk for cataract-related adverse events across the groups of achieved LDL-C at 1 month (<30 mg/dL: odds ratio, 1.12; 95% CI, 0.78-1.62; 30-49 mg/dL: odds ratio, 1.20; 95% CI, 0.96-1.50; and 50-69 mg/dL: odds ratio, 1.08; 95% CI, 0.86-1.34) compared with the referent group with LDL-C level of 70 mg/dL or greater.
Interaction analyses demonstrated no evidence of effect modification by achieved LDL-C level at 1 month on the relationship between treatment (ezetimibe vs placebo) and any of the 9 prespecified safety events or the post-hoc exploratory end point of cataract-related adverse events. No excess in safety events in either randomized treatment arm when analyzed separately was observed at progressively lower achieved LDL-C levels at 1 month (eTable 4 in the Supplement).
Efficacy
When the primary composite efficacy end point was analyzed across the 4 groups in ascending order of achieved LDL-C at 1 month, the adjusted HRs favored lower achieved LDL-C groups (HRs of 1.0, 0.82, 0.80, and 0.79 for the groups of achieved LDL-C level at 1 month of >70, 50-69, 30-49, and <30 mg/dL, respectively; P for trend < .001; eFigure 2 in the Supplement), with the numerically lowest HR present in the group who achieved an LDL-C level less than 30 mg/dL at 1 month. In this group, the unadjusted Kaplan-Meier rate of the primary efficacy end point at 7 years was 31.9% compared with 36.0% in patients who achieved an LDL-C level of 70 mg/dL or greater at 1 month (adjusted HR, 0.79; 95% CI, 0.69-0.91; P < .001). Similarly, the adjusted HRs for each of the 3 secondary composite end points were significantly reduced for each of the 3 groups that achieved an LDL-C level less than 70 mg/dL and were numerically the lowest for the group who a Event rates are observed rates without adjustment for differences in the LDL-C groups.
b These events were adjudicated by clinical end point committees who were blinded to study drug assignment.
Sensitivity Analysis
In the sensitivity analysis limited to safety events that occurred while taking treatment or within 30 days after discontinuation, the results were qualitatively similar. There were no differences in the 9 prespecified safety end points by achieved LDL-C level at 1 month (eTable 5 in the Supplement). Analysis of safety stratified by treatment group during the period while taking treatment did not reveal any evidence for effect modification by treatment on the safety profile across the achieved LDL-C subgroups (eTable 6 in the Supplement).
Discussion
In this prespecified analysis of patients from IMPROVE-IT based on achieved LDL-C level at 1 month, we found that patients with an LDL-C level less than 30 mg/dL had a similar safety profile over a median follow-up of 6 years compared with patients who achieved a higher LDL-C level at 1 month. In addition, multiple efficacy outcomes were less frequent among patients who achieved LDL-C values progressively below 70 mg/dL, with numerically the lowest risk in the less than 30 mg/dL group. These findings are unique in that they represent the longest follow-up in one of the largest randomized trials of intensive lipid-lowering therapies, achieving LDL-C levels well below guideline recommendations of less than 70 to 77 mg/dL. It is important to note that JUPITER was a placebo-controlled trial, whereas all patients in IMPROVE-IT were taking background simvastatin. Whereas statin-associated muscle symptoms and incident diabetes are known risks associated with intensive statin therapy, 15 it is difficult to disentangle whether the other adverse events reported in JUPITER were related to the specific statin studied, and/or the degree of LDL-C lowering, or were due to the study design in which the control arm did not receive any statin. In 2 studies of PCSK9 inhibitors (added to background statin) from intermediate-term (11-18 months) lipid-lowering trials, the only adverse events that were reported in significant excess in both studies were neurocognitive events, yet these were rare (<1%) and did not appear related to the achievement of very low LDL-C concentrations with treatment. Longer-term safety data from much larger studies with PCSK9 inhibitors are eagerly awaited. 16 In contrast, no increased risk for any of the aforementioned adverse events were observed in the randomized findings from the overall population of IMPROVE-IT, 1 nor were they observed in the subgroup who achieved an LDL-C level less than 30 mg/dL at 1 month, whether the analysis was conducted in the intention-to-treat or treatment populations. In addition, unlike the recent report 7 with alirocumab that demonstrated an association between an achieved LDL-C level less than 25 mg/dL and a greater risk in the incidence of cataracts, we observed no similar relationship in our analysis. Because ezetimibe was given to 85% of the patients who achieved the lowest LDL-C category of less than 30 mg/dL at 1 month, the present findings add to the totality of the evidence supporting a favorable safety profile of this agent when combined with statin as compared with statin alone.
17 Several important negative findings are worthy of mention, including the lack of association between low LDL-C level and cancer, hemorrhagic stroke, and noncardiovascular death after multivariate adjustment. Each of these adverse events had been reported in excess in unadjusted observational analyses of patients with low LDL-C levels. [2] [3] [4] In our data, we also found that the unadjusted rate of cancer was higher in those achieving the lowest LDL-C level in the intention-to-treat analysis (but not in the treatment analysis). However, this finding was no longer significant after adjustment for differences in baseline characteristics (including the 3-year difference in age). Thus, the prior observational data 2-4 may represent associations without causality or even possibly reverse causality in patients with systemic illness that result in very low LDL-C concentration, rather than causally related events due to lower LDL-C achieved with lipid-lowering therapy. Although an increase in intracerebral hemorrhage was reported in patients with acute ischemic stroke treated with atorvastatin, 80 mg, compared with placebo in the Stroke Prevention by Aggressive Reduction in Cholesterol Levels Study, 18 this risk appears to have been limited to patients with a history of intracerebral hemorrhage prior to the qualifying ischemic stroke. 19 In both the Cholesterol Treatment Trialist second meta-analysis 20 and IMPROVE-IT, 1 hemorrhagic stroke was numerically (but not significantly) more frequent in patients receiving more intensive lipid therapy; thus, given the low incidence of hemorrhagic stroke in these populations, a modest increased risk for hemorrhagic stroke with therapies that achieve very low LDL-C levels may be present.
The findings in this analysis that patients who achieve low LDL-C values at 1 month have a reduced adjusted risk for future cardiovascular events is consistent with several prior analyses of patients who achieved LDL-C levels with progressively lower cut points, including LDL-C values below 64 mg/dL, 21 less than 50 mg/dL, 8, 22 and less than 40 mg/dL.
23,24
In addition, a propensity-matched analysis from the Veterans Administration Palo Alto Health Care System in 6107 consecutive patients with baseline LDL-C levels less than 60 mg/dL found that patients treated with a statin exhibited a significantly lower mortality, even when the baseline LDL-C level was less than 40 mg/dL prior to initiation of statin therapy.
25
To our knowledge, although no large randomized trial to date (including IMPROVE-IT) has titrated therapy to achieve 2 different LDL-C levels, our findings show a lower cardiovascular event rate in patients who achieve LDL-C values less than 70 mg/dL at 1 month, which is currently the most aggressive guideline-recommended target.
11 This does not address the important question of what the ideal range of LDL-C level is to prevent atherosclerosis. Several lines of evidence, including studies in veterinary medicine, anthropology, and maternal-fetal medicine, point to an LDL-C target below 70 mg/dL. Many mammals (including primates) have LDL-C levels well below 70 mg/dL, including several mammals with total cholesterol level less than 75 mg/dL. 26 Modern hunter-gatherer societies and aboriginal cultures across the globe have mean total cholesterol levels between 100 and 130 mg/dL. 26 In humans (as well as pigs and sheep), the mean total cholesterol in utero is less than 100 mg/dL and at birth is approximately 50 mg/dL.
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Although rare, individuals with compound heterozygote loss-of-function PCSK9 mutations and LDL-C levels less than 20 mg/dL have been reported, are apparently healthy, and have Numbers are n (%) unless otherwise indicated *C-reactive protein was measured at randomization ACE= angiotensin converting enzyme, ARB = angiotensin receptor blocker, BMI = Body mass index, C = cholesterol, CABG = coronary artery bypass graft surgery, CrCl = creatinine clearance, dL = deciliter, Eze = ezetimibe, HDL = high-density lipoprotein, IQR = interquartile range, LDL = low-density lipoprotein, mg = milligrams, min = minute, PCI = percutaneous coronary intervention Compliance with Randomized Therapy Over Time by Achieved LDL-C at 1 Month. The group achieving an LDL-C > mg/dL at month 1 were less likely to be on study drug compared to the other groups (P<0.001 at each time point), whereas compliance with study drug was similar between patients who achieved LDL-C values of <30, 30-49, and 50-69 mg/dL at one month (P>0.40 for each pairwise comparison at each timepoint). Patients who died or ended the study were censored at the date of death or final visit.
© 2017 American Medical Association. All rights reserved. Efficacy endpoints by Achieved LDL-C at 1 Month. The adjusted hazard ratios are shown for prespecified safety events by the LDL-C achieved at month 1, with the group achieving the highest LDL-C (> 70 mg/dL) as the referent. The primary efficacy endpoint was a composite of cardiovascular death (CVD), myocardial infarction (MI), unstable angina requiring hospitalization (UA), coronary revascularization > 30 days after randomization (revasc), or stroke. Secondary endpoints were: I = All death, MI, UA, revasc, stroke; II = coronary heart disease death, MI, urgent revasc; III = CVD, UA, all revascularizations > 30 days post randomization, stroke.
